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We demonstrate how to manipulate quantum chaos with a single photon in a hybrid quantum
device combining cavity QED and optomechanics. Specifically, we show that this system changes
between integrable and chaotic relying on the photon-state of the injected field. This onset of chaos
originates from the photon-dependent chaotic threshold of the qubit-field coupling induced by the
optomechanical interaction. By deriving the Loschmidt Echo we observe clear differences in the
sensitivity to perturbations in the regular versus chaotic regimes. We also present classical analog
of this chaotic behavior, and find good correspondence between chaotic quantum dynamics and
classical physics. Our work opens up a new route to achieve quantum manipulations, which are
crucial elements in engineering new types of on-chip quantum devices and quantum information
science.
PACS numbers: 42.50.Pq, 42.50.Wk, 05.45.Mt
I. INTRODUCTION
Chaos plays an important role in most fields of clas-
sical physics [1] and quantum mechanics [2]. The study
of chaos is not only significant from the perspective of
understanding fundamental physics, but also for poten-
tial applications in achieving secure communication [3–
5], enhancing tunneling rates [6–8], and building opera-
ble quantum computers [9]. The field of quantum chaos,
studying how classical chaotic dynamics manifests it-
self in quantum mechanics, has achieved spectacular ad-
vances in recent years [10–15]. However, previous works
on quantum chaos merely focus on certain simple quan-
tum systems [16–20], e.g., Dicke model, kicked top, nu-
clear model, etc.
Cavity optomechanics studies the quantum effects in-
duced by the radiation-pressure interaction between the
electromagnetic and mechanical systems [21, 22], which
provides a platform for manipulating the bosonic field.
Especially, the quadratic optomechanical coupling [23–
30] has attracted much attention even though it is very
weak. Recently, the development of nano-fabricated op-
tomechanical technologies makes it possible to introduce
the optomechanical interaction into cavity QED or other
systems [31–37]. Here we propose a possible scheme in a
cavity optomechanical system “doped” with an atomic
ensemble realizing a Dicke model (DM) to study its
chaotic behavior. Such proposal has potential applica-
tions for inspiring various on-chip quantum devices.
Here we study how to manipulate quantum chaos with
∗Electronic address: xinyoulu@hust.edu.cn
†Electronic address: yingwu2@126.com
a single photon in a hybrid quantum model by combin-
ing an optomechanical system with cavity QED. The pro-
posed system can be changed between its quasi-integrable
regime and its quantum chaotic one by preparing differ-
ent photon states of the ancillary mode. In this hybrid
model, the corresponding chaotic threshold of qubit-field
coupling could be very weak. Physically, the introduced
quadratic optomechanical coupling can effectively change
the qubit-field interaction strength, depending on the
photon number of the ancillary cavity. Thus, the hy-
brid model studied here has a photon-dependent chaotic
threshold in its qubit-field coupling, which ultimately
leads to single-photon-triggered quantum chaos. Apart
from the fundamental interest in exploring the quantum-
classical correspondence [38], our work will inspire fur-
ther investigations regarding photon-dependent quantum
dynamic effects in hybrid cavity QED. Moreover, this
work, combining quantum chaos with single-photon tech-
nologies, could be used for chaos-assisted communica-
tions [39, 40] and various single-photon devices [41–43].
II. MODEL
As depicted in Fig. 1(a), we consider a hybrid optome-
chanical system consisting of a normal Dicke model and
an ancillary cavity. The total Hamiltonian is given by
(~ = 1),
H = Han +Hdm −
∑
l=e,o
gla
†
l al(b
† + b)2, (1)
where al (a
†
l ) and b (b
†) are the annihilation (creation)
operators of the ancillary mode and single-mode bosonic
field of the DM, respectively. Note that gl (l = e, o) quan-
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FIG. 1: (a) Schematic diagram of the physical implemen-
tation of the generalized hybrid model containing a normal
Dicke model (DM) and an ancillary cavity. The ancillary cav-
ity al(l = e, o) couples quadratically with the normal DM (a
bosonic single-mode b interacts with N two-level systems σ−
with dipole coupling strength λ), with optomechanical cou-
pling strengths ge = g and go = ge
ipi. (b) The Dicke model
could be implemented by coupling a mechanical resonator to
a collection of two-level systems.
tifies the optomechanical quadratic coupling strength be-
tween the two bosonic modes al and b, where ge = g and
go = ge
ipi manifest that the bosonic mode b interacts with
al at the position of even or odd number of half wave-
lengths of the cavity [44]. Here Han =
∑
l=e,o ωla
†
l al, and
ωl is the frequency of the ancillary cavity mode. The DM
Hamiltonian reads: Hdm = ωb
†b + ΩJz + λ√N (b
† + b)Jx,
with a collective qubit-field coupling strength λ. For
the N qubits, Ω is the excitation energy; meanwhile,
the collective pseudospin operators obey the SU2 alge-
bra, and they are given by Jz = (1/2)
∑N
i=1 σz, J± =∑N
i=1 σ±, and Jx = J− + J+. Due to parity conserva-
tion, [Htot,Π] = 0, the Hilbert space of Htot can be sep-
arated into two noninteracting parts. Here we note that
Π = eipiN , and N = b†b+Jz+N/2 is the total excitation
number of the system (excluding the ancillary modes a).
It should be stressed that in the Hamiltonian H, the
quadratic coupling term produces a photon-dependent
modification on the potential of field b. We consider
the ancillary mode to be prepared in the Fock state
|ne no〉a(ne = no + n, and ne, no, n = 0, 1, 2...). Then
the photon number operator a†l al could be replaced by
an algebraic number nl. More specifically, provided that
the initial ancillary mode is in |00〉a(n = 0), injecting
a photon (ne = 1) into the cavity, then the ancillary
mode would be in |10〉a (n = 1). However, if another
photon (no = 1) is subsequently injected into the cav-
ity, then the ancillary mode is in |11〉a (n = 0), which
is physically equivalent to |00〉a. In other words, inject-
ing two different photons (ne = 1, no = 1) makes the
ancillary mode return to the equivalent initial state, i.e.,
|00〉a → |10〉a → |11〉a. Hereafter, we only consider the
case of n = 0, 1, where n = 0 corresponds to a nor-
mal DM. We now apply a squeezing transformation b =
cosh(rn)bn+ sinh(rn)b
†
n with rn = (−1/4) ln[1−4ngl/ω],
then system Hamiltonian becomes Dicke-like,
Hn = ΩJz + ωnb
†
nbn +
λn√
N
(b†n + bn)Jx + Cn, (2)
where ωn = exp(−2rn)ω, λn = exp(rn)λ, and Cn =∑
l=e,o nlωl + [exp(−2rn) − 1](ω/2), are the photon-
dependent system parameters. Equation (2) shows that
the qubit-field coupling strength could be enhanced sig-
nificantly by adjusting the photon-dependent squeezing
parameter rn [23], which allows the occurrence of single-
photon-triggered quantum chaotic behavior.
III. SINGLE-PHOTON-TRIGGERED
QUANTUM CHAOS
To investigate the quantum chaotic behavior triggered
by the single photon of the proposed system, in the fol-
lowing, we present three signatures of quantum chaos,
i.e., (1) nearest-neighbor level spacing, (2) Loschmidt
Echo, and (3) Poincare´ sections.
A. Level spacing
Quantum chaos manifests itself by the statistical prop-
erties of the energy levels Specifically, the character of the
energy spectra can be quantified by the nearest-neighbor
level-spacing distribution P (s), which has been experi-
mentally verified in Rydberg excitons [45, 46] and acous-
tic resonator [47]. The comparison between P (s) and the
result obtained by random matrix theory (RMT) pro-
duces a signature of quantum chaos [48, 49]. The lev-
els of classical integrable systems are uncorrelated and
show a Poissonian statistics, i.e., Pp(s) = exp(−s), indi-
cating strong level clustering [50]. Conversely, in chaotic
systems, the energy level-spacing distribution is well ap-
proximated by the Wigner-Dyson function, i.e., Pw(s) =
pis/2 exp(−pis2/4), indicating the eigenvalues of random
matrices [50].
To investigate the level statistics of the system, we
first numerically diagonalize the Hamiltonian Hn. Then
we apply a general unfolding process; finally the nearest-
neighbor level-spacing distribution P (s) is constructed.
Figure 2 shows the P (s) distributions of the proposed
system for different values of the qubit-field coupling
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FIG. 2: Nearest-neighbor level spacing distribution P (s) for
several values of λ considering the ancillary mode to be pre-
pared in |10〉a (top) and |00〉a (bottom), respectively. Note
that |10〉a corresponds to n = 1, and |00〉a to n = 0. The
yellow-solid curve is the universal Poissonian distribution and
the red-dashed curve shows the Wigner-Dyson distribution.
The inserted bar graphs quantitatively present the quantity
η. The yellow and red bars show the case of n = 0 and n = 1,
respectively. The horizontal black arrow indicates the single-
photon triggered quantum chaos. The system parameters are
chosen as Ω = ω = 1, g = 0.23ω, and N = 20.
strength λ. In the region considered, when the ancillary
cavity is prepared in |00〉a [this is a normal DM corre-
sponding to n = 0, shown in Fig. 2(d)-(f)], the spectral
statistical property closely follows a Poissonian distribu-
tion, which is the counterpart of a classical integrable sys-
tem. In contrast, it yields the Wigner distribution when
the mode a is in |10〉a [shown in Fig. 2(a)-(c)], which man-
ifests the chaotic property of the system. The transition
of the level statistics from a Poisson-like distribution to
a Wigner-like form provides a clear indication that quan-
tum chaos is triggered by a single photon.
To obtain a more quantitative description, we calcu-
late the quantity η = | ∫ s0
0
[P (s)− Pw(s)]ds/
∫ s0
0
[Pp(s)−
Pw(s)]ds|, where s0 = 0.472913... [51]. This η character-
izes the degree of similarity between P (s) and the nor-
mal Poissonian distribution Pp(s). Theoretically, η = 0
if P (s) follows the Wigner distribution, while η = 1 for
a Poissonian distribution. The inserted graph bars in
Fig. 2 show the results for η. We find that for n = 0,
P (s) is close to 0.8, while it fluctuates around 0.2 for
n = 1. In other words, P (s) roughly follows a Poisson
distribution for n = 0 and obeys the Wigner distribu-
tion for n = 1. In this sense, this system changes from
regular to chaotic. Normally, this transition is closely re-
lated to the system’s symmetry [45, 52]. Here, it is inti-
mately connected with parity-symmetry-breaking in the
thermodynamic limit N →∞ [ see Appendix A]. Specif-
ically, due to the introduced optomechanical interaction,
the proposed quantum model allows the single-photon-
induced parity-symmetry-breaking under the condition
of fixed system parameters.
B. Sensitive dependence on perturbations
The hypersensitivity to perturbations is another signa-
ture of chaos [53]. We will now calculate the Loschmidt
Echo (LE) to quantify this sensitivity. The LE was first
introduced in NMR experiments to measure the sensi-
tivity to perturbations brought by the surrounding envi-
ronment [54–59]. The validity of this measurement has
been verified experimentally in many-body spin systems.
Quantum mechanics without the concept of trajectory
preserves the overlap between two states. Specifically,
for a quantum system, given the same initial state Ψ0,
under the influence of two Hamiltonians with a slight per-
turbation, the two states will evolve along with time [60].
More precisely, here we consider an extra two-level atom
S added into this hybrid optomechanical model [61] as
a perturbation. We assume that the hybrid DM is pre-
pared in the ground state |G〉 = |00〉 and the extra two-
level atom is in a superposed state α|v〉 + β|u〉, where
|α|2 + |β|2 = 1; accordingly the LE reads [see Appendix
B]
L(t) = |〈G|exp(iHvt)exp(−iHut)|G〉|2. (3)
Here Hv and Hu are two Hamiltonians with a
slight difference, Hv,u = ωv,ub
†
nbn + Ωd
†d + λn(b†n +
bn)(d
†√1− d†d/N+H.c.), where ωv = ωn+δ˜, ωu = ωn−
δ˜, and δ˜ is a small perturbation caused by the extra two-
level atom. Here we have applied the Holstein-Primakoff
transformation: J+ = d
†√N − d†d, J− =
√
N − d†d d,
and Jz = d
†d−N/2, where d is the bosonic operator [62].
In quantum mechanics, the overlap between the two iden-
tical initial states is supposed to be 1. Then it decays
along with the evolution of the two states under the in-
fluence of two Hamiltonians. In some cases, after a time
evolution, if these two wavefunctions become quite dif-
ferent, or completely different (orthogonal), then L(t)
should be much less than 1 or equal to 0. This shows
that the system exhibits a hypersensitive dependence on
the initial perturbation, i.e., chaotic behavior.
Fig. 3(a) plots the LE versus the coupling strength λ,
showing that the LE decays quickly to zero when the cou-
pling approaches a critical point λnc =
√
ωnΩ/2. This
proves that when the qubit-field coupling is near this
critical point, the proposed system is very sensitive to
the perturbation caused by the extra atom. We find
that, compared to the case of n = 0, L(t) decreases more
sharply at a lower λ with n = 1. Thus, this system ex-
hibits a stronger sensitivity under the influence of an ex-
tra atom, compared with the case without optomechani-
cal interactions (n = 0). In essence, the optomechanical
interaction lowers the critical point. When λ ∈ [0.15, 0.4],
there is a high probability for the emergence of quantum
chaos triggered by a single photon (see the shaded area).
Figure 3(b) plots the evolution of LE for various values of
λ. For a given λ, L(t) for n = 1 decreases faster than the
case of n = 0, which indicates that the two same initial
states at n = 1 evolve faster (than the n = 0 case) to
40.1 0.2 0.3 0.4 0.5
0
0.5
1
L(
t) n=0
n=1
0 20 40 60 80 100 t
0
0.5
1.0
L(
t) =0.3, n=0
=0.3, n=1
=0.55, n=0
=0.55, n=1
(a)
(b)
FIG. 3: (a) The L(t) in Eq. (3) versus the qubit-field coupling
strength λ. We color the region where single-photon triggered
chaos could be observed. (b) Evolutions of LE for various
values of λ. We choose δ˜ = 0.001ω and ωt = 100 for (a) and
N = 100 for both.
entirely different states after a long enough time. The
corresponding arrows also show the emergence of single-
photon-triggered quantum chaos.
C. Poincare´ Sections
In analogy with classical chaos, we proceed to consider
the classical counterpart of the proposed system. By in-
troducing the bosonic modes for position-momentum rep-
resentation via bn =
√
ωn/2(q1+ip1/ωn), d =
√
Ω/2(q2+
ip2/Ω), and setting [q1, p1] = 0 and [q2, p2] = 0, we could
move from the Hamiltonian Hn to a classical one,
Hcl =− N
2
Ω +
1
2
(ω2nq
2
1 + p
2
1 − ωn + Ω2q22 + p22 − Ω)
+ 2λn
√
Ωωnq1p1
√
1− Ω
2q22 + p
2
2 − Ω
2NΩ
. (4)
We calculate the derivative of Hcl, and then obtain the
equations of motion [see Appendix C],
q˙1 =
∂Hcl
∂p1
, p˙1 = −∂Hcl
∂q1
, q˙2 =
∂Hcl
∂p2
, p˙2 = −∂Hcl
∂q2
. (5)
To better visualize the presence of single-photon trig-
gered chaos in the classical regime, we now study the
dynamics of the canonical variables as a function of the
coupling parameter λ. Specifically, we numerically in-
tegrate this simultaneous classical equations of motion
and plot the Poincare´ sections, which have been exper-
imentally observed in many systems [7, 10], for a vari-
ety of different initial conditions. The resulting Poincare´
surface of sections with energy E = −ω are shown in
Fig. 4. When n = 0, i.e., Figs. (e-h), the Poincare´ sec-
tion only consists of a series of regular trajectories and
discrete islands in the region considered. For the case
n = 1 shown in Figs. (a-d), as the coupling strength λ
is increased, we see the shrinking of regular orbits and
the expansion of a series of chaotic regions. For a cer-
tain Poincare´ section, the motion across the boundaries
between regular and chaotic regions is classically forbid-
den [60]. Interestingly, for a fixed coupling strength λ,
by comparing the bottom row for n = 0 with the top for
n = 1, it is clearly shown that the classical trajectories
transform from a regular to a chaotic one in phase space
when the parameter λ ∈ [0.15, 0.4]. In other words, it
manifests single-photon-triggered chaos. The observed
Poincare´ sections show an excellent agreement with the
prediction of nearest-level distribution (shown in Fig. 2)
and the dynamics properties (shown in Fig. 3).
IV. EXPERIMENTAL IMPLEMENTATIONS
The description of the quantized electromagnetic field
is based on states with fixed photon number in spe-
cific modes, i.e., Fock or number states. Recent years,
there has been increasing interest in the generation of
single-photon states [63–73] because single photons play
a key role in secure quantum communication, quan-
tum cryptography, and various single-photon devices.
Single-photon state is easily prepared conditionally from
photon-pairs of parametric down-conversion, ion traps,
cavity QED systems, and solid-state systems using su-
perconducting quantum circuits.
In the experiment [66], a micromaser (or one-atom
maser) employed a high–Q (4 × 1010) cavity producing
a photon lifetime in the cavity as high as 0.3 seconds.
This system can be described by the Jaynes-Cummings
Hamiltonian. Traditionally, the injected atoms are in the
upper state of the maser transition. If the field is in an
initial state |n〉, then the interaction of an atom with a
field leaves the cavity and atom field in a superposition
of the states |e〉|n〉 and |g〉|n+1〉. By measuring an atom
in the ground state, the superposition is reduced to the
state |n + 1〉. Experimentally, it is easy to measure the
atom inversion given by I = Pg −Pe; here Pg and Pe are
the probability of finding a ground-state or excited-state
atom, respectively.
Solid-state systems are considered as another good
candidate for generating Fock states. Recently, an on-
chip microwave single-photon source was reported in a
circuit quantum electrodynamics system consisting of a
superconducting qubit coupled to a transmission line [68].
It was reported that a six-photons pure Fock states can
be prepared in this architecture. The interaction between
qubit and resonator is achieved by using a capacitor,
measured by spectroscopy. The qubit states are mea-
sured by using a read-out d.c. superconducting quan-
tum interference device (SQUID). If the qubit state is
mapped to the photon state, then the superposition of
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FIG. 4: Plots of Poincare´ surface sections projected in the p1–q1 plane for the Hamiltonian Hsc for various values of λ. We
select sections of E = −ω, and p2 = 0, q2 > 0. The top row (a)-(d) show n = 1 and the bottom (e)-(h) present n = 0. Each
column has the same coupling strength λ.
the ground and excited states α|g〉 + β|e〉, will lead to
the same superposition of photon states: α|0〉 + β|1〉.
The average photon number is proportional to the aver-
age qubit excitation probability 〈a†a〉 = (〈σz〉+1)/2, and
has a maximum of one photon when the qubit is in its
excited state. The two quadratures of homodyne voltage
are proportional to the x and y components of the qubit
state: 〈a† + a〉 = 〈σx〉 and i〈a† − a〉 = 〈σy〉. Experimen-
tally, the agreements between output integrated voltage
of states 〈a†a〉 and 〈σz〉, i〈a† − a〉 and 〈σy〉, respectively,
verify the generation of Fock states.
The proposed system is a general quantum hybrid
model, which can be realized in several experimental plat-
forms, e.g., quadratically-coupled optomechanical system
or superconducting circuit. Thanks to the rapid progress
achieved in the fabrication of diamond nanostructures,
the Dicke model can be implemented in diamond mechan-
ical nanoresonators [74–77], i.e., an ensemble of nitrogen-
vacancy (NV) centers embedded in a single crystal dia-
mond nanobeam. The flex of the beam strains the di-
amond lattice and, in turn, couples directly to the spin
triplet states; then a crystal-strain-induced coupling can
be generated. Moreover, the required quadratic coupling
can be realized in a “membrane-in-the-middle” configu-
ration, by placing a semitransparent membrane at the
node of the ancillary cavity mode, where ω
′
= 0 [24, 44].
In addition, as an alternative experimental possibil-
ity, a hybrid quantum superconducting circuit [78–80]
is also considered here. In the superconducting circuit,
the qubits are coherently coupled to the spin ensemble,
which can be seen as a two-level atom ensemble. The
Dicke model can be realized by capacitively coupling the
qubits to the resonator B [81, 82]. Moreover, resonator A
contains superconducting quantum-interference devices
(SQUIDs) that makes its frequency ωa tunable by ap-
plying opposite flux variations ±δΦ in its loop. Due to
this parametrically-induced frequency shift of resonator
A, the position quadrature of resonator B can couple
quadratically to the photon number of resonator A in
a certain regime [29].
To implement our proposal, the key is to reach the
strong quadratic coupling g ≈ ω/4 (g ≈ ω′′c (0)x2zpf).
Fortunately, recent advances have shown that stronger
quadratic couplings could be achieved in many platforms,
such as, photonic crystals [83, 84], superconducting cir-
cuits [85] and microdisk resonators [86]. In addition, It
is manifested that the quadratic coupling strength could
be exponentially enhanced [23, 87], which allows the re-
alization of single-photon-triggered quantum chaos when
g  ω.
V. CONCLUSIONS
In summary, we have studied quantum chaos trig-
gered by a single photon in a cavity optomechanical sys-
tem doped with an atom ensemble. By preparing dif-
ferent states of the ancillary mode, the system can be
changed between quasi-integrable regime and quantum
chaos. This novel but fundamental effect could be use-
ful in engineering new types of quantum on-chip devices,
simulating various single-photon devices and achieving
chaos-assisted communications.
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Appendix A: Single-photon-induced Z2 symmetry
breaking
In the main text, we obtained the Dicke-like Hamilto-
nian,
Hn = ΩJz + ωnb
†
nbn +
λn√
N
(b†n + bn)Jx + Cn, (A1)
where ωn = exp(−2rn)ω, λn = exp(rn)λ, and Cn =∑
l=e,o nlωl+[exp(−2rn)−1](ω/2), and correspondingly,
the critical coupling strength reads
λnc =
√
Ωωn/2. (A2)
The Hamiltonian(A1) shows a photon-dependent prop-
erty of our proposed system. This property makes
it possible to observe single-photon-triggered quantum
chaos, which is closely connected with the single-photon-
induced Z2-symmetry-breaking in the thermodynamic
limit N → ∞. To investigate the system’s symmetry,
as an example, we consider a certain qubit-field cou-
pling strength λ = 0.3 (within our considered region
0.15 < λ < 0.4) and the cases when n = 0, 1, respec-
tively.
In the case when n = 0, Equation (A1) can be reduced
into a normal Dicke Hamiltonian. The system’s critical
point becomes λc =
√
Ωω/2 = 0.5, and here we have cho-
sen Ω = ω = 1. Within the considered parameter regime
of λ < λc, the system is in the normal phase. The present
effective Hamiltonian Hn could be diagonalized in the
thermodynamic limit N → ∞ [17]. To diagonalize the
Hamiltonian Hn, we introduce the Holstein-Primakoff
transformation, J+ = d
†√N − d†d, J− =
√
N − d†d d,
and Jz = d
†d − N/2 [44]. Then Eq. (A1) can be diago-
nalized into
Hnp = ω−c
†
1c1 + ω+c
†
2c2 + Eg, (A3)
here
ω2± =
1
2
[
ω2n + Ω
2 ±
√
(Ω2 − ω2n)2 + 16λ2nΩωn
]
. (A4)
We have introduced the Bogoliubov transformation,
bn = ξ
(b)
− c
†
1 + ξ
(b)
+ c1 + ζ
(b)
− c
†
2 + ζ
(b)
+ c2, (A5a)
d = ξ
(d)
− c
†
1 + ξ
(d)
+ c1 + ζ
(d)
− c
†
2 + ζ
(d)
+ c2, (A5b)
where the coefficients satisfy
ξ
(b)
± =
cos ν
2
√
ωnω−
(ωn ± ω−), ζ(b)± =
sin ν
2
√
ωnω+
(ωn ± ω+),
ξ
(d)
± =−
sin ν
2
√
Ωω−
(Ω± ω−), ζ(d)± =
cos ν
2
√
Ωω+
(Ω± ω+).
(A6)
Here the angle ν is determined by
tan(2ν) =
4λn
√
Ωωn
(Ω2 − ω2n)
. (A7)
In this case, the ground state reads |G〉np = |00〉c and
correspondingly, the ground-state energy is Eg/N =
−Ω/2 [17]. The ground state |G〉np conserves the Z2 sym-
metry, i.e., Π|00〉c = |00〉c, confirmed by the zero ground-
state coherence of the field, i.e., 〈b〉g = 0.
In the other case, if we consider n = 1, the effective
coupling strength is enhanced and the critical qubit-field
coupling strength is effectively decreased, i.e., λn > λnc.
In other words, when n = 1 and λ = 0.3, the system
reaches into the superradiant phase. By applying two
displacements on the bosonic modes
bn → b˜n + γb, d→ d˜− γd (A8)
or
bn → b˜n − γb, d→ d˜+ γd, (A9)
and in the thermodynamic limit, the Hamiltonian Hn can
be diagonalized to
Hsp = ω˜−c˜
†
1c˜1 + ω˜+c˜
†
2c˜2 + E˜g. (A10)
We note that
γb =
√
N(
λ2n
ω2n
− Ω
2
16λ2n
), and γd =
√
N
2
(1− Ωωn
4λ2n
).
(A11)
Following the same process as before, but now using
b˜n = ξ˜
(b)
− c˜
†
1 + ξ˜
(b)
+ c˜1 + ζ˜
(b)
− c˜
†
2 + ζ˜
(b)
+ c˜2, (A12a)
d˜ = ξ˜
(d)
− c˜
†
1 + ξ˜
(d)
+ c˜1 + ζ˜
(d)
− c˜
†
2 + ζ˜
(d)
+ c˜2, (A12b)
7the coefficients are then given by
ξ˜
(b)
± =
cos ν˜
2
√
ωnω˜−
(ωn ± ω˜−), ζ˜(b)± =
sin ν˜
2
√
ωnω˜+
(ωn ± ω˜+),
ξ˜
(d)
± =−
sin ν˜
2
√
Ω˜ω˜−
(Ω˜± ω˜−), ζ˜(d)± =
cos ν˜
2
√
Ω˜ω˜+
(Ω˜± ω˜+).
(A13)
Here the angle ν˜ satisfies
tan(2ν˜) =
2ωnΩ
(16λ4n/ω
2
n − ω2n)
(A14)
and Ω˜ = Ω(1 +
4λ2n
Ωωn
)/2. The excitation energies become
ω˜2± =
1
2
[
ω2n + 16λ
4
n/ω
2
n ±
√
(16λ4n/ω
2
n − ω2n)2 + 4Ω2ω2n
]
.
(A15)
We point out that the ground-state energy is
E˜g = −Ω
4
(
4λ2n
Ωωn
+
Ωωn
4λ2n
) (A16)
and the ground state |G〉±sp = |00〉±c with c˜†i c˜i|00〉±c =
0|00〉±c (i = 1, 2) becomes two-fold degenerated. Here ±
represent the different direction of displacement applied
into bn, which leads to different coefficients ξ˜± and ζ˜±.
As an evidence, the ground-state coherence of the field
〈b〉±g = ±exp(rn)γb becomes nonzero. Consequently, its
symmetry is spontaneously broken, i.e, Π|G〉±sp 6= |G〉±sp.
The above discussions show the single-photon-induced
Z2-symmetry-breaking in the thermodynamic limit N →
∞. Specifically, for a fixed qubit-field coupling λ (within
our considered region), the system’s symmetry can be
broken by injecting a single photon. This symmetry
breaking is closely related to the crossover of the level
statistics from a Poisson-like distribution to a Wigner-
like form [45, 52] for finite N . Accordingly, it is connected
to the occurrence of quantum chaos.
Appendix B: derivation of Loschmidt Echo
In order to illustrate how chaos is characterized by the
hypersensitivity to perturbations, we analytically calcu-
late the Loschmidt Echo (LE) of the proposed system.
For a quantum system, the measure of the LE is the
overlap between two states that evolve from the same
initial state Ψ0 under the influence of two Hamiltonians.
Specifically, here we consider an extra two-level atom S
injected into this hybrid quantum model [61]. Then the
system Hamiltonian is given by (we set ~ = 1),
H0 =
∑
l=e,o
ωla
†
l al + ωb
†b+ ΩJz +
λ√
N
(b† + b)(J+ + J−)
−
∑
l=e,o
gla
†
l al(b+ b
†)2, (B1a)
HI =
1
2
ωsσz + λs(b
† + b)(σ+ + σ−). (B1b)
Here the Hamiltonian HI describes the extra two-level
atom S with transition operators σz, σ+ and σ−, cou-
pled to the single-mode bosonic field of the initial nor-
mal Dicke model. Also, ωs is the frequency between the
ground state |v〉 and excited state |u〉 of the extra atom S.
Same as before, we prepare the al mode in the Fock state
|ne, no〉a (ne = no+n, and ne, no, n = 0, 1, 2...) and apply
a squeezing transformation b = cosh(rn)bn + sinh(rn)b
†
n.
Provided that the detuning between atom S and the
single-mode bosonic mode b is much larger than the cou-
pling strength λs, i.e., |∆s| ≡ |ωs − ω|  λs, applying
the Fro¨hlich-Nakajima transformation, then we obtain
Heff = (ωn + δ˜σz)b
†
nbn +
1
2
(ωs + δ˜)σz + ΩJz
+
λn√
N
(b†n + bn)Jx + Cn, (B2)
where δ˜ = λ2s/∆s, and we have made a rotating wave
approximation. We note that the second term in Heff
describes the extra two-level atom. As before, we use the
Holstein-Primakoff transformation, the Hamiltonian Heff
is further reduced to
Heff = (ωn + δ˜σz)b
†
nbn +
1
2
(ωs + δ˜)σz + Ωd
†d
+ λn(b
†
n + bn)
(
d†
√
1− d
†d
N
+
√
1− d
†d
N
d
)
+ Cn.
(B3)
We assume that the extra atom S is in a superposed
state α|v〉 + β|u〉, here |α|2 + |β|2 = 1. Then Eq. (B3)
could be rewritten as,
Heff = |v〉〈v| ⊗Hv + |u〉〈u| ⊗Hu, (B4)
with
Hv = ωvb
†
nbn + Ω(d
†d−N/2)
+ λn(b
†
n + bn)
(
d†
√
1− d
†d
N
+
√
1− d
†d
N
d
)
+ Cn,
(B5)
and
Hu = ωub
†
nbn + Ω(d
†d−N/2)
+ λn(b
†
n + bn)
(
d†
√
1− d
†d
N
+
√
1− d
†d
N
d
)
+ Cn,
(B6)
8where ωv = ωn − δ˜ and ωu = ωn + δ˜. By comparing
Hv(Hu) with the Hamiltonian Hn, we find that the extra
two-level atom only changes the frequency of the effective
single-mode bosonic mode with δ˜. At time t, the total
state becomes,
|Ψ(t)〉 = e−iHeff t(α|v〉+ β|u〉)⊗ |G〉,
= α|v〉 ⊗ e−iHvt|G〉+ β|u〉 ⊗ e−iHut|G〉. (B7)
We have assumed that the photon-dressed atomic en-
semble is initially in the ground state |G〉 = |00〉 of the
Hamiltonian Hn. In the following, we will prove that the
dynamics of the photon-dressed atomic ensemble is sen-
sitive to the state of the extra atom. We trace over the
degrees of freedom of the photon-dressed atomic ensem-
ble in |Ψ(t)〉, then the reduced density matrix reads
ρ(t) = |α|2|v〉〈v|+ |β|2|u〉〈u|+ (Dα∗β|u〉〈v|+ H.c.),
(B8)
here D is a decoherence factor, which is given by
D(t) = 〈G|exp(iHvt)exp(−iHut)|G〉. (B9)
The Loschmidt Echo can be defined as
L(t) = |D(t)|2, (B10)
and thus we obtain Eq. (3) in the main text. For a short
time t, L(t) could be approximated as
L(t) ≈ exp(−4%δ˜2t2) (B11)
with % = 〈G|(b†nbn)2|G〉 − 〈G|b†nbn|G〉2. In the normal
phase, we apply Eqs. (A5) into Eq. (B11), and then we
obtain
%np = 2ξ
(b)2
+ ξ
(b)2
− + 2ζ
(d)2
+ ζ
(d)2
− + (ξ
(b)
+ ζ
(d)
− + ξ
(b)
− ζ
(d)
+ )
2.
(B12)
In the superradiant phase, we apply Eqs. (A12) into
Eq. (B11) (using b˜n to replace bn), and then we obtain
%sp = 2ξ˜
(b)2
+ ξ˜
(b)2
− + 2ζ˜
(d)2
+ ζ˜
(d)2
− + (ξ˜
(b)
+ ζ˜
(d)
− + ξ˜
(b)
− ζ˜
(d)
+ )
2
+ γ2b
[
(ξ˜
(b)
+ + ξ˜
(b)
− )
2 + (ζ˜
(d)
+ + ζ˜
(d)
− )
2
]
. (B13)
In addition, we could define the purity P = TrS(ρ
2
S) =
TrS{[TrEρ(t)]2} [59] to describe the evolution of two
states. Here, ρ(t) = |Ψ(t)〉〈Ψ(t)|, and Tr means trac-
ing over the variables of E or S. Then the purity P can
be written as
P = 1− 2|αβ|2[1− L(t)]. (B14)
The purity demonstrates the degree of similarity between
two states, which can test the system’s sensitivity. Phys-
ically, the purity satisfies P ≤ 1. For two identical initial
states, P is supposed to be 1. High sensitivity to the
perturbation should be reflected in a large decay of the
purity.
Appendix C: classical model
In the following, we study the classical counterpart of
the proposed system. We move from the quantum me-
chanical Hamiltonian Eq. (A1) to a classical one by in-
troducing
bn =
√
ωn
2
(
q1 +
i
ωn
p1
)
, b†n =
√
ωn
2
(
q1 − i
ωn
p1
)
,
d =
√
Ω
2
(
q2 +
i
Ω
p2
)
, d† =
√
Ω
2
(
q2 − i
Ω
p2
)
,
(C1)
where qi, pi(i = 1, 2) are the position and momentum op-
erators, respectively. This Hamiltonian in the position-
momentum representation can be written as
H
′
n = −
N
2
Ω +
1
2
(ω2nq
2
1 + p
2
1 − ωn + Ω2q22 + p22 − Ω)
+ λn
√
Ωωnq1
[
(q2 − i
Ω
p2)
√
1− η +
√
1− η(q2 + i
Ω
p2)
]
,
(C2)
where η satisfies
η =
Ω2q22 + p
2
2 − Ω
2NΩ
≤ 1.
We set [q1, p1] = [q2, p2] = 0, and in terms of classical
variables we have
Hcl = −N
2
Ω +
1
2
(ω2nq
2
1 + p
2
1 − ωn + Ω2q22 + p22 − Ω)
+ 2λn
√
Ωωnq1p1
√
1− Ω
2q22 + p
2
2 − Ω
2NΩ
. (C3)
To analyze the behavior of this classical system for finite
N , we derive the Hamiltonian Hcl,
dq1
dt
=
∂Hcl
∂p1
= p1, (C4a)
dp1
dt
= −∂Hcl
∂q1
= p2(1− λn
N
√
ωn
Ω
xy√
1− η ), (C4b)
dq2
dt
=
∂Hcl
∂p2
= −ω2nx− 2λn
√
Ωωny
√
1− η, (C4c)
dp2
dt
= −∂Hcl
∂q2
= −Ω2y − 2λn
√
Ωωnx
√
1− η(1− Ωy
2
2N(1− η) ).
(C4d)
9[1] R. C. Hilborn, Chaos and Nonlinear Dynamics (Oxford
University Press, Oxford, 2000).
[2] M. C. Gutzwiller, Chaos in classical and quantum me-
chanics (Springer, 1990).
[3] G. D. Van Wiggeren and R. Roy, Communications with
chaotic lasers, Science 279, 1198 (1998).
[4] A. Argyris, D. Syvridis, L. Larger, V. Annovazzi-Lodi, P.
Colet, I. Fischer, J. Garcia-Ojalvo, C. R. Mirasso, L. Pes-
quera, and A. K. Shore, Chaos-based communications at
high bit rates using commercial fibre-optic links, Nature
(London) 438, 343 (2005).
[5] P. Colet and R. Roy, Digital communication with syn-
chronized chaotic lasers, Opt. Lett. 19, 2056 (1994).
[6] W. A. Lin and L. E. Ballentine, Quantum tunneling and
chaos in a driven anharmonic oscillator, Phys. Rev. Lett.
65, 2927 (1990).
[7] D. A. Steck, W. H. Oskay, and M. G. Raizen, Observation
of chaos-assisted tunneling between islands of stability,
Science 293, 274 (2001).
[8] C. Dembowski, H.-D. Gra¨f, A. Heine, R. Hofferbert, H.
Rehfeld, and A. Richter, First Experimental Evidence
for Chaos-Assisted Tunneling in a Microwave Annular
Billiard, Phys. Rev. Lett. 84, 867 (2000).
[9] B. Georgeot and D. L. Shepelyansky, Emergence of quan-
tum chaos in the quantum computer core and how to
manage it, Phys. Rev. E 62, 6366 (2000); Exponential
Gain in Quantum Computing of Quantum Chaos and
Localization, Phys. Rev. Lett. 86, 2890 (2001).
[10] G. B. Lemos, R. M. Gomes, S. P. Walborn, P. H. S.
Ribeiro, and F. Toscano, Experimental observation of
quantum chaos in a beam of light, Nat. Commun. 3, 1211
(2012).
[11] F. Albert, C. Hopfmann, S. Reitzenstein, C. Schneider, S.
Ho¨fling, L. Worschech, M. Kamp, W. Kinzel, A. Forchel
and I. Kanter, Observing chaos for quantum-dot micro-
lasers with external feedback, Nat. Commun. 2, 1370
(2011).
[12] X. Jiang, L. Shao, S.-X. Zhang, X. Yi, J. Wiersig, L.
Wang, Q. Gong, M. Loncˇar, L. Yang, and Y.-F. Xiao,
Chaos-assisted broadband momentum transformation in
optical microresonators, Science 358, 344 (2017).
[13] C. Neill, P. Roushan, M. Fang, Y. Chen, M. Kolodru-
betz, Z. Chen, A. Megrant, R. Barends, B. Campbell, B.
Chiaro, A. Dunsworth, E. Jeffrey, J. Kelly, J. Mutus, P.
J. J. O’Malley, C. Quintana, D. Sank, A. Vainsencher, J.
Wenner, T. C. White, A. Polkovnikov and J. M. Marti-
nis, Ergodic dynamics and thermalization in an isolated
quantum system, Nat. Phys. 12, 1037 (2016).
[14] T. Gao, E. Estrecho, K. Bliokh, T. Liew, M. Fraser, S.
Brodbeck, M. Kamp, C. Schneider, S. Ho¨fling, Y. Ya-
mamoto et al., Observation of non-Hermitian degenera-
cies in a chaotic exciton-polariton billiard, Nature (Lon-
don) 526, 554 (2015).
[15] N. Yang, J. Zhang, H. Wang, Y.-x. Liu, R.-B. Wu, L.-
q. Liu, C.-W. Li, and F. Nori, Noise suppression of on-
chip mechanical resonators by chaotic coherent feedback,
Phys. Rev. A 92, 033812 (2015).
[16] R. H. Dicke, Coherence in spontaneous radiation pro-
cesses, Phys. Rev. 93, 99 (1954).
[17] C. Emary and T. Brandes, Quantum chaos triggered
by precursors of a quantum phase transition: the Dicke
model, Phys. Rev. Lett. 90, 044101 (2003); Chaos and
the quantum phase transition in the Dicke model, Phys.
Rev. E. 67, 066203 (2003).
[18] P. Perez-Ferna´ndez, A. Relan˜o, J. M. Arias, P. Cejnar, J.
Dukelsky, and J. E. Garc´ıa-Ramos, Excited-state phase
transition and onset of chaos in quantum optical models,
Phys. Rev. E 83, 046208 (2011).
[19] N. Shammah, S. Ahmed, N. Lambert, S. D. Liberato, F.
Nori, Open quantum systems with local and collective
incoherent processes: Efficient numerical simulation us-
ing permutational invariance, Phys. Rev. A 98, 063815
(2018).
[20] S. Chaudhury, A. Smith, B. E. Anderson, S. Ghose, and
P. S. Jessen, Quantum signatures of chaos in a kicked
top, Nature (London) 461, 768 (2009).
[21] M. Aspelmeyer, T. J. Kippenberg, F. Marquardt, Cavity
optomechanics, Rev. Mod. Phys. 86, 1391 (2014).
[22] X.-Y. Lu¨, H. Jing, J.-Y. Ma, and Y. Wu, PT-Symmetry-
Breaking Chaos in Optomechanics, Phys. Rev. Lett. 114,
253601 (2015).
[23] X.-Y. Lu¨, Y. Wu, J. R. Johansson, H. Jing, J. Zhang, and
F. Nori, Squeezed optomechanics with phase-matched
amplification and dissipation, Phys. Rev. Lett. 114,
093602 (2015).
[24] J. D. Thompson, B. M. Zwickl, A. M. Jayich, F. Mar-
quardt, S. M. Girvin, and J. G. E. Harris, Strong disper-
sive coupling of a high-finesse cavity to a micromechani-
cal membrane, Nature 452, 72 (2008).
[25] J. C. Sankey, C. Yang, B. M. Zwickl, A. M. Jayich, and
J. G. E. Harris, Strong and tunable nonlinear optome-
chanical coupling in a low-loss system, Nat. Phys. 6, 707
(2010).
[26] A. Nunnenkamp, K. Borkje, J. G. E. Harris and S. M.
Girvin, Cooling and squeezing via quadratic optomechan-
ical coupling, Phys. Rev. A 82, 021806(R) (2010).
[27] A. Xuereb and M. Paternostro, Selectable linear or
quadratic coupling in an optomechanical system, Phys.
Rev. A 87, 023830 (2013).
[28] G.-L. Zhu, X.-Y. Lu¨, L.-L. Wan, T.-S. Yin, Q. Bin,
and Y. Wu, Controllable nonlinearity in a dual-coupling
optomechanical system under a weak-coupling regime,
Phys. Rev. A 97, 033830 (2018).
[29] E. J. Kim, J. R. Johansson, and F. Nori, Circuit analog
of quadratic optomechanics, Phys. Rev. A 91, 033835
(2015).
[30] J.-Q. Liao and F. Nori, Photon blockade in quadrati-
cally coupled optomechanical systems, Phys. Rev. A 88,
023853 (2013); Single-photon quadratic optomechanics,
Sci. Rep. 4, 6302 (2014).
[31] C. S. Mun˜oz, A. Lara, J. Puebla, and F. Nori, Hybrid
Systems for the Generation of Nonclassical Mechanical
States via Quadratic Interactions, Phys. Rev. Lett. 121,
123604 (2018).
[32] W. Qin, A. Miranowicz, P.-B. Li, X.-Y. Lu¨, J. Q. You,
and F. Nori, Exponentially Enhanced Light-Matter Inter-
action, Cooperativities, and Steady-State Entanglement
Using Parametric Amplification, Phys. Rev. Lett. 120,
093601 (2018).
[33] C. Leroux, L. C. G. Govia, and A. A. Clerk, Enhanc-
ing Cavity Quantum Electrodynamics via Antisqueezing:
Synthetic Ultrastrong Coupling, Phys. Rev. Lett. 120,
10
093602 (2018).
[34] Z.-L. Xiang, S. Ashhab, J. Q. You, and F. Nori, Hybrid
quantum circuits: superconducting circuits interacting
with other quantum systems, Rev. Mod. Phys. 85, 623
(2013).
[35] G. Kurizki, P. Bertet, Y. Kubo, K. Mølmer, D. Pet-
rosyan, P. Rabl, and J. Schmiedmayer, Quantum tech-
nologies with hybrid systems, PNAS 112, 3866 (2015).
[36] Q. Bin, X.-Y. Lu¨, T.-S. Yin, Y. Li, and Y. Wu, Collective
radiance effects in the ultrastrong-coupling regime Phys.
Rev. A 99, 033809 (2019).
[37] L.-L. Zheng, T.-S. Yin, Q. Bin, X.-Y. Lu¨, and Y. Wu,
Single-photon-induced phonon blockade in a hybrid spin-
optomechanical system, Phys. Rev. A 99, 013804 (2019).
[38] W. H. Zurek, Decoherence, einselection, and the quan-
tum origins of the classical, Rev. Mod. Phys. 75, 715
(2003).
[39] A. Argyris, M. Hamacher, K. E. Chlouverakis, A. Bogris,
and D. Syvridis, Photonic Integrated Device for Chaos
Applications in Communications, Phys. Rev. Lett. 100,
194101 (2008).
[40] R. M. Nguimdo, P. Colet, L. Larger, and L. Pesquera,
Digital Key for Chaos Communication Performing Time
Delay Concealment, Phys. Rev. Lett. 107, 034103 (2011)
[41] R. H. Hadfield, Single-photon detectors for optical
quantum information applications, Nat. Photonics 3,
696(2009).
[42] L. Zhou, L.-P. Yang, Y. Li, and C. P. Sun, Quantum
Routing of Single Photons with a Cyclic Three-Level Sys-
tem, Phys. Rev. Lett. 111, 103604 (2013).
[43] S. Baur, D. Tiarks, G. Rempe, and S. Du¨rr, Single-
Photon Switch Based on Rydberg Blockade, Phys. Rev.
Lett. 112, 073901 (2014).
[44] M. Bhattacharya, H. Uys, and P. Meystre, Optomechan-
ical trapping and cooling of partially reflective mirrors,
Phys. Rev. A 77, 033819 (2008).
[45] M. Aßmann, J. Tewes, D. Fro¨hlich, and M. Bayer, Quan-
tum chaos and breaking of all anti-unitary symmetries in
Rydberg excitons, Nat. Mater. 15, 741 (2016).
[46] E. A. Ostrovskaya and F. Nori, Giant Rydberg excitons:
Probing quantum chaos, Nat. Mater. 15, 702 (2016).
[47] T. Neicu, K. Schaadt, A. Kudrolli, Spectral properties of
a mixed system using an acoustical resonator, Phys. Rev.
E 63, 026206 (2001).
[48] P. Pechukas, Distribution of energy eigenvalues in the
irregular spectrum, Phys. Rev. Lett. 51, 943 (1983).
[49] O. Bohigas, M. J. Giannoni, and C. Schmidt, Charac-
terization of chaotic quantum spectra and universality of
level fluctuation laws, Phys. Rev. Lett. 52, 1 (1984).
[50] M. V. Berry and M. Tabor, Level cluster in the regular
spetrum, Proc. R. Soc. London, Ser. A 356, 375 (1977).
[51] B. Georgeot and D. L. Shepelyansky, Integrability and
Quantum Chaos in Spin Glass Shards, Phys. Rev. Lett.
81, 5129 (1998).
[52] F. Haake, Quantum signatures of chaos, 2nd ed
(Springer, 2000).
[53] A. Peres, Stability of quantum motion in chaotic and
regular systems, Phys. Rev. A 30, 1610 (1984); R. Schack
and C. M. Caves, Hypersensitivity to perturbations in the
quantum baker’s map, Phys. Rev. Lett. 71, 525 (1993).
[54] H. M. Pastawski, P. R. Levstein, G. Usaj, J. Raya, and
J. Hirschinger, A nuclear magnetic resonance answer to
the Boltzmann-Loschmidt controversy?, Physica A 283,
166 (2000).
[55] G. Usaj, H. M. Pastawski and P. R. Levstein, Gaussian to
exponential crossover in the attenuation of polarization
echoes in NMR, Molecular Physics, 95, 1229 (1998).
[56] P. R. Levstein, G. Usaj, and H. M. Pastawski, Attenua-
tion of polarization echoes in nuclear magnetic resonance:
A study of the emergence of dynamical irreversibility in
many-body quantum systems, J. Chem. Phys. 108, 2718
(1998).
[57] Z. P. Karkuszewski, C. Jarzynski, and W. H. Zurek,
Quantum chaotic environments, the butterfly effect, and
decoherence, Phys. Rev. Lett. 89, 170405 (2002).
[58] R. A. Jalabert and H. M. Pastawski, Environment-
independent decoherence rate in classically chaotic sys-
tems, Phys. Rev. Lett. 86, 2490 (2001).
[59] H. T. Quan, Z. Song, X. F. Liu, P. Zanardi, and C. P.
Sun, Decay of Loschmidt Echo enhanced by quantum
criticality, Phys. Rev. Lett. 96, 140604 (2006).
[60] F. M. Cucchietti, Decoherence and the Loschmidt echo,
Phys. Rev. Lett. 91, 210403 (2002).
[61] J.-F. Huang, Y. Li, J.-Q. Liao, L.-M. Kuang, and C. P.
Sun, Dynamic sensitivity of photon-dressed atomic en-
semble with quantum criticality, Phys. Rev. A 80, 063829
(2009).
[62] T. Holstein and H. Primakoff, Field dependence of the
intrinsic domain magnetization of a ferromagnet, Phys.
Rev. 58, 1098 (1940).
[63] C. K. Hong and L. Mandel, Experimental Realization of
a Localized One-Photon State, Phys. Rev. Lett. 56, 58
(1986).
[64] A. I. Lvovsky, H. Hansen, T. Aichele, O. Benson, J.
Mlynek, and S. Schiller, Quantum State Reconstruction
of the Single-Photon Fock State, Phys. Rev. Lett. 87,
050402 (2001).
[65] X. Maˆıtre, E. Hagley, G. Nogues, C. Wunderlich, P. Goy,
M. Brune, J. M. Raimond, and S. Haroche, Quantum
Memory with a Single Photon in a Cavity, Phys. Rev.
Lett. 79, 769 (1997).
[66] B. T. H. Varcoe, S. Brattke, M. Weidinger and H.
Walther, Nature (London) 403, 743 (2000); Generation
of Fock states in the micromaser, J. Opt. B: Quantum
Semiclass. Opt. 2, 154 (2000).
[67] S. Brattke, B. T. H. Varcoe, and H. Walther, Generation
of Photon Number States on Demand via Cavity Quan-
tum Electrodynamics, Phys. Rev. Lett. 86, 3534 (2001).
[68] M. Hofheinz, E. M. Weig, M. Ansmann, R. C. Bialczak,
E. Lucero, M. Neeley, A. D. O’Connell, H. Wang, J. M.
Martinis and A. N. Cleland, Generation of Fock states
in a superconducting quantum circuit, Nature (London)
454, 310 (2008).
[69] M. Hofheinz, H. Wang, M. Ansmann, R. C. Bialczak, E.
Lucero, M. Neeley, A. D. O’Connell, D. Sank, J. Wen-
ner, John M. Martinis and A. N. Cleland, Synthesizing
arbitrary quantum states in a superconducting resonator,
Nature (London) 459, 546 (2009).
[70] J. Q. You, Y. X. Liu, C. P. Sun, F. Nori, Persistent single-
photon production by tunable on-chip micromaser with
a superconducting quantum circuit, Phys. Rev. B 75,
104516 (2007).
[71] Y.-X. Liu, L.-F. Wei, and F. Nori, Generation of non-
classical photon states using a superconducting qubit in
a microcavity, Europhys. Lett. 67, 941 (2004);
[72] Y. Chu, P. Kharel, T. Yoon, L. Frunzio, P. T. Rakich and
R. J. Schoelkopf, Creation and control of multi-phonon
Fock states in a bulk acoustic-wave resonator, Nature
11
(London) 563, 666 (2018).
[73] X. Gu, A.F. Kockum, A. Miranowicz, Y. X. Liu, F. Nori,
Microwave photonics with superconducting quantum cir-
cuits, Phys. Rep. 718, 1 (2017).
[74] O. Arcizet, V. Jacques, A. Siria, P. Poncharal, P. Vincent
and S. Seidelin, A single nitrogen-vacancy defect coupled
to a nanomechanical oscillator, Nat. Phys. 7, 879 (2011).
[75] S. D. Bennett, N. Y. Yao, J. Otterbach, P. Zoller, P.
Rabl, and M. D. Lukin, Phonon-induced spin-spin inter-
actions in diamond nanostructures: Application to spin
squeezing, Phys. Rev. Lett. 110, 156402 (2013).
[76] J. Teissier, A. Barfuss, P. Appel, E. Neu, and P.
Maletinsky, Strain coupling of a Nitrogen-Vacancy cen-
ter spin to a diamond mechanical oscillator, Phys. Rev.
Lett. 113, 020503 (2014).
[77] P. B. Li, Z. L. Xiang, P. Rabl, F. Nori, Hybrid Quantum
Device with Nitrogen-Vacancy Centers in Diamond Cou-
pled to Carbon Nanotubes, Phys. Rev. Lett. 117, 015502
(2016).
[78] K. Kakuyanagi, Y. Matsuzaki, C. De´prez, H. Toida, K.
Semba, H. Yamaguchi, W. J. Munro, and S. Saito, Obser-
vation of the Collective Coupling between an Engineered
Ensemble of Macroscopic Artificial Atoms and a Su-
perconducting Resonator, Phys. Rev. Lett. 117, 210503
(2016).
[79] Y. Kubo, C. Grezes, A. Dewes, T. Umeda, J. Isoya, H.
Sumiya, N. Morishita, H. Abe, S. Onoda, T. Ohshima,
V. Jacques, A. Dre´au, J.-F. Roch, I. Diniz, A. Auffeves,
D. Vion, D. Esteve, and P. Bertet, Hybrid Quantum Cir-
cuit with a Superconducting Qubit Coupled to a Spin
Ensemble, Phys. Rev. Lett. 107, 220501 (2011).
[80] P. B. Li, F. Nori, Hybrid Quantum System with
Nitrogen-Vacancy Centers in Diamond Coupled to
Surface-Phonon Polaritons in Piezomagnetic Superlat-
tices, Phys. Rev. Applied 10, 024011 (2018).
[81] X.-Y. Lu¨, L.-L. Zheng, G.-L. Zhu, and Y. Wu, Single-
Photon-Triggered Quantum Phase Transition, Phys.
Rev. Applied 9, 064006 (2018).
[82] X.-Y. Lu¨, G.-L. Zhu, L.-L. Zheng, and Y. Wu, Entan-
glement and quantum superposition induced by a single
photon, Phys. Rev. A 97, 033807 (2018).
[83] M. Kalaee, T. K. Para¨ıso, H. Pfeifer, and O. Painter, De-
sign of a quasi-2D photonic crystal optomechanical cav-
ity with tunable, large x2-coupling, Optics Express 24,
21308 (2016).
[84] T. K. Para¨ıso, M. Kalaee, L. Zang, H.Pfeifer, F. Mar-
quardt, and O. Painter, Position-squared coupling in a
tunable photonic crystal optomechanical cavity, Phys.
Rev. X 5, 041024 (2015).
[85] T. T. Heikkila¨, F. Massel, J. Tuorila, R. Khan, and M. A.
Sillanpa¨a¨, Enhancing Optomechanical Coupling via the
Josephson Effect, Phys. Rev. Lett. 112, 203603 (2014).
[86] C. Doolin, B. D. Hauer, P. H. Kim, A. J. R. MacDonald,
H. Ramp, and J. P. Davis, Nonlinear optomechanics in
the stationary regime, Phys. Rev A 89, 053838 (2014).
[87] T.-S. Yin, X-Y. Lu¨, L.-L. Zheng, M. Wang, S. Li, and Y.
Wu, Nonlinear effects in modulated quantum optome-
chanics, Phys. Rev. A 95, 053821 (2017).
